Genomic sequencing of rice followed by curated genome annotation predicted that the rice genome carries 32,000 genes. To reveal functions of all the predicted genes is the next important challenge. One of the most effective ways to discover gene function is to analyze genetic mutations induced by insertion elements. Different insertion elements, such as T-DNA, Ds, dSpm, and the endogenous retrotransposon Tos17, have been utilized in rice and mutant lines carrying more than 1,500,000 insertions produced. In this article, features of Tos17, Tos17-induced mutant lines, related resources such as flanking sequence tags and phenome databases, and functional analysis of genes using these resources are reviewed.
Introduction
With the completion of genomic sequencing of rice (International Rice Genome Sequencing Project 2005), rice is centrally positioned as a model for monocot plants and crops. Subsequent curation of the genome annotation predicted that the rice genome carries ~32,000 genes (Rice Annotation Project 2007). The next important challenge is to uncover the biological functions of genes discovered by sequence analysis. To this end, different tools and resources have been developed and most are already publicly available. These include a large collection of full-length cDNAs (Kikuchi et al. 2003) , gene expression microarrays and databases (Jung et al. 2008) , a proteome database (Komatsu et al. 2004) , genetic resources such as chromosome segment substitution lines (Fukuoka et al. 2010) , FOX rice (Nakamura et al. 2007) and Arabidopsis (Kondou et al. 2009 ) lines over-expressing rice full-length cDNA, and chemically induced mutant lines for TILLING (Suzuki et al. 2008 , Till et al. 2007 . Insertion mutant lines are most suitable for a systematic functional analysis of a large number of genes in the context of whole plants, because many mutant lines can be produced at the same time and induced mutations can be easily detected by simple molecular biological methods, such as PCR. In Arabidopsis, whose entire genomic sequencing has also been completed (Arabidopsis Genome Initiative 2000), mutant populations covering almost all the genes have been produced using insertion elements, such as T-DNA, Ds, and dSpm. To facilitate systematic functional analysis of genes, sequences flanking the insertion elements are determined in each mutant line to develop a database of knockout genes, called the flanking sequence tag (FST) database. More than ten laboratories have been involved in the production of a large collection of FST data, totaling 449,635 FSTs (derived from 391, 213 mutant lines) that cover 30,879 of the predicted 33,239 genes (http://signal.salk.edu/Source/AtTOME_ Data_Source.html). Mutant lines linked with FST data are made available through several Arabidopsis seed stock centers.
A large-scale insertional mutagenesis project has been conducted also for rice using T-DNA, Ds, dSpm, and the endogenous retrotransposon Tos17. T-DNA insertion mutants , Guiderdoni et al. 2007 ) and transposon insertion mutants (Zhu et al. 2007 ) for forward and reverse genetics studies in rice have been recently reviewed. More recently, the current status of rice mutant resources has been summarized by Krishnan et al. (2009) . Our primary focus is on Tos17-induced mutants, because Tos17 is endogenous, so that screening and characterization of mutants in the field are possible without any environmental concern. Here, I summarize insertional mutagenesis using Tos17 and its application to forward and reverse genetics studies.
lines (Piffanelli et al. 2007) . Only a portion of the FSTs of mutant lines, totaling about 245,000, have been determined and cover about 50% of the protein-coding genes (Krishnan et al. 2009 ). The current status of sequence-indexed mutants is summarized in Table 1 . Updates for the databases are available at the SIGnAL website of the SALK Institute (http://signal.salk.edu/RiceGE/RiceGE_Data_Source.html) as well as at the website for each database. To provide easy access to insertion mutant resources, FSTs from ten laboratories were mapped on the rice genome sequence (RAP-DB, http://rapdb.dna.affrc.go.jp/). The positions of disrupted genes are displayed in the RAP-DB and the FST sequences linked to the websites of the mutant providers. Tos17-insertion mutants developed at NIAS are summarized in Table 2 .
General features of Tos17
Active retrotransposons in rice Most of active transposable elements have been found as insertion sequences in the mutant genes. On the other hand, Tos17 was isolated by RT-PCR using degenerate primers corresponding to amino acid sequences highly conserved in reverse transcriptases encoded by the copia superfamily of LTR-retrotransposons (Hirochika et al. 1996) . This method is based on the finding that most plant retrotransposons are not transcribed and are inactive and was successfully applied in tobacco to isolate the first plant retrotransposon activated by tissue culture (Hirochika 1993) . Considering that the rice genome carries 11,600 copies of the copia superfamily of LTR-retrotransposons (International Rice Genome Sequencing Project 2005) and the copy number of Tos17 is only two in the Nipponbare genome, the RT-PCR method is very powerful for selectively amplifying active retrotransposon sequences. Though we also isolated four other families that are activated by tissue culture (Tos10, Tos19, Tos21, Tos25: Hirochika et al. 1996 , Hirochika 1997 ), our focus is on the most active retrotransposon, Tos17 that is the major or only cause for tissue-culture induced insertion mutations. Recently, an active retrotransposon of rice, named Lullaby, was isolated using a new strategy: transcript profiling of retrotransposon-related sequences using a tiling microarray (Picault et al. 2009 ). To our surprise, the sequence of Lullaby is identical to that of Tos19.
Tos17 is regulated by at least three mechanisms
The transcript of Tos17 was only detected under tissue culture conditions, indicating that the transposition of Tos17 is mainly regulated at the transcriptional level (Hirochika et al. 1996) . The tissue culture specific activity of Tos17 is controlled by the promoter of Tos17, because the GUS reporter gene fused to the enhancer-promoter LTR of Tos17 was expressed only in callus culture but not in plant tissues. Rice cultivars carry one to four copies of Tos17, however, the activity of Tos17 varies among cultivars (Cheng et al. 2006) . For example, Koshihikari and Nipponbare carry one and two copies, respectively, but Tos17 is activated by tissue culture in Nipponbare and not in Koshihikari. We showed that the Tos17 copy in Koshihikari is silenced by an epigenetic mechanism different from DNA methylation and proposed the involvement of transcriptional interference caused by transcription from the strong upstream promoter (Cheng et al. 2006) . In Moritawase that has four copies of Tos17, Tos17 copies are highly methylated and not activated by tissue culture. Treatment of Moritawase calli with 5-azaC, a DNA methylation inhibitor, resulted in the activation of Tos17, showing the involvement of DNA methylationrelated epigenetic suppression. These results show that Tos17 is regulated by at least three regulatory mechanisms.
To develop Tos17-induced mutant libraries using different cultivars, these regulatory mechanisms must be considered.
Insertion target-site specificity As we have reported, Tos17 insertions are not evenly distributed in chromosome 1; their density is high in the distal regions of the chromosome, but low in the pericentromeric region . A similar distribution pattern was observed for all chromosomes except chromosome 4 (International Rice Genome Sequencing Project 2005). In chromosome 4, the density of Tos17 insertions is low throughout the short arm and part of the long arm region, regions corresponding to heterochromatic regions. These distribution patterns indicate that Tos17 prefers euchromatic regions rather than heterochromatic regions. This feature of Tos17 is suitable for efficient gene disruption. A similar target preference has been also reported for T-DNA insertion in Arabidopsis (Alonso et al. 2003) and rice . By compiling 206,668 FSTs derived from the different insertion elements (Tos17, T-DNA, Ds and dSpm), some differences in their target specificity have been shown (Krishnan et al. 2009 ). Whereas a large proportion of all the inserts (62.5%) are in genic regions including 5′ and 3′ 500-bp regions, Tos17 showed the highest preference to genic regions (85%). Another significant target preference found for Tos17 is clustering of insertion points . Many hot spots of insertion are located throughout the chromosome. The molecular mechanism for determining Tos17 insertion site specificity is still unknown. Studies on Ty retrotransposons of yeast have shown that interactions between chromosome binding proteins and the Ty integration machinery determine insertion target specificity (Boeke and Devine 1998) . The insertion target specificity of Tos17 may be similarly regulated through interaction with chromosome binding proteins or by chromatin structure.
Forward genetics studies
Traditional transposon tagging is a straightforward method for cloning important genes for functional analysis. The first direct evidence for the feasibility of tagging using Tos17 was shown by cloning genes involved in abscisic acid biosynthesis (OsABA1, OsTATC: Agrawal et al. 2001) . By using this forward genetics strategy, many other genes have been cloned, including genes involved in secondary cell wall biosynthesis (OsCesA4, OsCesA7, OsCesA9: Tanaka Although transposon tagging with Tos17 is a powerful strategy for cloning genes, one fundamental problem should be noted: relatively low tagging efficiency (5-10%) (Agrawal et al. 2001 , Hirochika 2001 . This low efficiency indicates that tissue culture-induced mechanisms other than Tos17 insertions caused untagged mutations with high frequency. For the same reason, tagging efficiency with T-DNA insertions seems quite low and only a few examples of forward genetics studies using T-DNA insertions have been reported (Jung et al. 2003) . In the Ac/Ds system, insertional mutagenesis can be separated from tissue culture, resulting in a relatively low background of mutations and some genes have been identified by a forward genetic strategy (Zhu et al. 2007) .
Several lines of evidence indicated that untagged mutations involve mainly deletions, possibly caused by doublestrand break repair, and point mutations to a lesser extent (Agrawal et al. 2005 , Hirochika unpublished, Takahashi et al. 2010 . By analyzing Tos17 insertion mutants of OsMADS1, this gene was shown to have E-function for floral organ identity. By phenotypic screening, two mutant lines exhibiting more severe phenotypes have been identified. These mutants were shown to have deletions of 39 bp and 621 bp in OsMADS1, respectively (Agrawal et al. 2005) . Takahashi et al. (2010) carried out a large-scale forward genetic screening aiming to isolate the blast resistance gene Pish and genes for signal components required for functioning of Pish. Exactly 41,119 Tos17 insertion mutant lines were screened for loss of or reduced Pish function, and 86 mutant lines were identified. As expected, most of the mutants (72 of the 86 lines) had mutations in the Pish gene encoding a nucleotide binding site and leucine rich repeat domain-containing (NBS-LRR) protein. Other mutants must have defects in the signaling components. Of the Pish mutants, 58 lines have Tos17 insertions and 13 have deletions ranging from 24 bp to over 50 kb in Pish. One mutant has an unknown insertion of 2 kb. Recently, this insertion was shown to be caused by rearrangement of the rice genome, not by transposable elements (Takahashi, unpublished data) . These results indicate that untagged mutations in the mutant population are not caused by insertion of transposable elements, though we found four other retrotransposons activated by tissue culture (see above) and others found two active DNA type transposable elements (Jiang et al. 2003 , Tsugane et al. 2006 ).
Phenome analysis
In order to facilitate the functional analysis of genes, phenome analysis of 50,000 Tos17 insertion mutant lines has been conducted . Visible phenotypes of these lines in the M2 generation were observed in the field and characterized based on 53 phenotypic descriptors. Nearly half of the lines showed more than one mutant phenotype. Phenotypic data with photographs of each line are stored in the database and linked to the dataset of Tos17 FSTs (http:// tos.nias.affrc.go.jp/). By linking phenotypic data with FST data, functional assignment of genes will be greatly accelerated. Phenome analysis of T-DNA insertion lines has been also carried out in the field . The observed phenotypes include those caused by both knockout and activation tagging mutations, because a tri-functional T-DNA causing gene trap, gene knockout or activation tagging was used in the population . Phenome analysis of two other T-DNA insertion populations (Larmande et al. 2008 , Zhang et al. 2006 A phenome database can be utilized for functional analysis of genes, even if FST data are not available. To analyze functions of Sdr4 and Osvp1, mutants of these genes were isolated by using the phenome database of Tos17 and a candidate gene approach (Sugimoto et al. 2010) . Sdr4 and Osvp1 were suggested to be involved in seed dormancy, thus the mutants were expected to show a viviparous phenotype. The sequences of Sdr4 and Osvp1 were analyzed in 16 mutant lines showing vivipary selected from the database. A deletion of 21 bp in Sdr4 was found in three lines and mutations in Osvp1 were found in two lines: one is a 32 bp deletion and the other is a base substitution. Another example is the deletion mutants of Os MADS1 described in the previous section.
Reverse genetics studies
For reverse genetic studies, two strategies are employed to find mutants in genes of interest (Kumar and Hirochika 2001) . One is the PCR screening of mutants, the other is in silico screening using the FST database. The first direct evidence for the feasibility of the use of Tos17 for a PCRscreening strategy was shown by screening for a mutant of the homeobox gene (OSH15) using DNA pools from a small mutant population (Sato et al. 1999) . DNA pools from 50,000 Tos17 insertion lines were constructed and mutants of given target sequences were obtained with a success rate of about 50% by screening these DNA pools (Hirochika, unpublished results) . PCR screening is useful but labor-and time-intensive. Thus, in silico screening using the FST database became a general method. Tos17-induced mutant lines linked with FST data are available through the Rice Genome Resource Center (http://www.rgrc.dna.affrc.go.jp).
By using reverse genetics strategies with Tos17, functions of many genes have been analyzed. Those include genes such as phytochrome A and C (Takano et al. 2001 (Takano et al. , 2005 , GAMYB (Kaneko et al. 2004) , OsMADS3 (Yamaguchi et al. 2006 ), a putative voltage-gated Ca 2+ channel gene OsTPC1 (Kurusu et al. 2005) , starch synthase genes SSI and SSIIIa (Fujita et al. 2006 (Fujita et al. , 2007 , OsHKT2;1 involved in Na + uptake (Horie et al. 2007) , CASTER/ CCaMK involved in arbuscular mycorrhizal symbiosis (Gutjahr et al. 2008 ), a NAC transcription factor gene RIM1 (Yoshii et al. 2010) and OsMPK6 (Kishi-Kaboshi et al. 2010).
Limitations and future prospects
During the past ten years, a large collection of insertion mutant lines of rice carrying more than 1,500,000 insertions have been produced using different insertion elements including Tos17. These mutant populations must be sufficient to cover all rice genes, because we estimated the number of insertion mutants needed for saturation to be between 180,698 to 460,000 . On the other hand, the 245,000 FST data currently available cover only about 50% of the rice genes. Thus, we should continue to collect FST data. By using next generation sequencing technologies combined with multi-dimensional pooling of DNAs, the time and cost for determining FSTs can be greatly reduced. This approach has been successfully applied to petunia carrying multi-copy endogenous transposable elements (Vandenbussche et al. 2008) . Analysis of FSTs in Tos17-insertion mutant libraries will be greatly accelerated by using this approach, because time-consuming gel separations of multiple FSTs derived from each line can be omitted.
As has been clearly demonstrated in Arabidopsis and rice, insertion mutant lines are important resources for discovering gene functions. However, limitations of insertional mutagenesis have been also noted. One obvious limitation is the lack of a mutant phenotype. In Arabidopsis, only a small fraction of the insertional mutant lines showed a clear mutant phenotype. This may be largely due to gene redundancy. One possible solution is to combine mutations by crossing, as has been demonstrated , Tsuchisaka et al. 2009 ). Considering the higher gene redundancy in rice (International Rice Genome Sequencing Project 2005) , this problem may become more serious. Use of RNAi targeting family genes or FOX lines over-expressing full-length cDNA (Nakamura et al. 2007 ) would be an alternative or a complementary method.
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